We build a highly predictive 3-3-1 model, where the field content is extended by including several SU (3)L scalar singlets and six right handed Majorana neutrinos. In our model the SU (3)C × SU (3) L × U (1) X gauge symmetry is supplemented by the A4 × Z6 × Z16 × Z 16 discrete group, which allows to get a very good description of low energy fermion flavor data. In the model under consideration, the A4 ⊗ Z6 × Z16 × Z 16 discrete group is broken at very high energy scale down to the preserved Z2 discrete symmetry, thus generating the observed pattern of SM fermion masses and mixing angles and allowing the implementation of the loop level inverse seesaw mechanism for the generation of the light active neutrino masses, respectively. The model only has 9 effective free parameters (4 and 5 effective free parameters in the lepton and quark sectors, respectively), which we adjust to reproduce the experimental values of the 18 physical observables in the quark and lepton sectors. The obtained values for the physical observables in the quark sector agree with the experimental data, whereas those ones for the lepton sector also do, only for the case of inverted neutrino mass spectrum. The normal neutrino mass hierarchy scenario of the model is ruled out by the neutrino oscillation experimental data. The model predicts an effective Majorana neutrino mass parameter of neutrinoless double beta decay of mee = 45.5 meV, a leptonic Dirac CP violating phase of 79.11
I. INTRODUCTION
Despite its great consistency with the experimental data, the Standard Model (SM) is unable to explain several issues such as, for example, the number of fermion generations, the large hierarchy of fermion masses, the small quark mixing angles and the sizeable leptonic mixing ones. Whereas in the quark sector, the mixing angles are small, in the lepton sector two of the mixing angles are large, and one mixing angle is small. Neutrino experiments have brought clear evidence of neutrino oscillations from the measured neutrino mass squared splittings. The three neutrino flavors mix and at least two of the neutrinos have non vanishing masses, which according to neutrino oscillation experimental data must be smaller than the SM charged fermion masses by many orders of magnitude. Models with an extended gauge symmetry are frequently used to tackle the limitations of the SM. In particular, the models based on the gauge symmetry SU (3) c ⊗ SU (3) L ⊗ U (1) X , also called 3-3-1 models, can explain the origin of fermion generations thanks to the introduction of a family non-universal U (1) X symmetry [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , can provide an explanation for the origin of the family structure of the fermions. These models have the following nice interesting features: 1) The three family structure in the fermion sector naturally arises in the 3-3-1 models from the cancellation of chiral anomalies and asymptotic freedom in QCD.
2) The fact that the third family is treated under a different representation, can explain the large mass difference between the heaviest quark family and the two lighter ones.
3) The 3-3-1 models allow the quantization of electric charge [11, 12] . 4) These models have several sources of CP violation [13, 14] . 5) These models explain why the Weinberg mixing angle satisfies sin 2 θ W < 1 4 . 6) These models contain a natural Peccei-Quinn symmetry, necessary to solve the strong-CP problem [15] [16] [17] [18] . 7) The 3-3-1 models with heavy sterile neutrinos include cold dark matter candidates as weakly interacting massive particles (WIMPs) [19] [20] [21] [22] . A concise review of WIMPs in 3-3-1 Electroweak Gauge Models is provided in Ref. [23] . In the 3-3-1 models, one heavy triplet field with a Vacuum Expectation Value (VEV) at high energy scale ν χ , breaks the symmetry SU (3) L ⊗ U (1) X into the SM electroweak group SU (2) L ⊗ U (1) Y , thus generating the masses of non SM fermions and non SM gauge bosons, while the another two lighter triplets with VEVs at the electroweak scale υ ρ and υ η , trigger the Electroweak Symmetry Breaking [24] and provide the masses for the SM particles. On the other hand, the implementation of discrete flavor symmetries in several extensions of the SM has provided a nice description of the observed pattern of fermion masses and mixings (recent reviews on discrete flavor groups can be found in Refs. [25] [26] [27] [28] ). Several discrete groups have been employed in extensions of the SM, mostly discrete groups having triplet irreducible representations, such as A 4 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] , S 3 , S 4 [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] , D 4 [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] , Q 6 [92] [93] [94] [95] , T 7 [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] , T 13 [106] [107] [108] [109] , T [110] [111] [112] [113] [114] [115] [116] [117] , ∆ (27) [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] and A 5 [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] have been considered to explain the observed pattern of fermion masses and mixings. Among several discrete symmetry groups, the A 4 group has attracted a lot of attention since it is the smallest one which admits one three-dimensional representation as well as three inequivalent one-dimensional representations. Then, the choice of the A 4 symmetry is natural since there are three families of fermions, i.e, the left handed leptons can be unified in triplet representation of A 4 while the right handed leptons can be assigned to A 4 singlets. This setup has been proposed for first time in Ref. [29] to study the lepton masses and mixings obtaining nearly degenerate neutrino masses and allowing realistic charged leptons masses after the A 4 symmetry is spontaneously broken. The scalar sector of the minimal setup of Ref. [29] includes one A 4 triplet whose components are SU (2) L doublets and one SU (2) L doublet which transforms as an A 4 trivial singlet. As it has been extensively discussed in the literature (for a recent reviews see Refs. [25] [26] [27] ) the A 4 group, which is the group of even permutations of four elements has been shown to generate the Tribimaximal mixing pattern which predicts solar mixing and atmospheric mixing angles consistent with the experimental data but yields a vanishing reactor mixing angle contradicting the recent experimental results from the Daya Bay [144] , T2K [145] , MINOS [146] , Double CHOOZ [147] and RENO [148] experiments. In view of this the Tribimaximal mixing pattern has to be modified. In this work we build a highly predictive A 4 flavor 3-3-1 model, where the A 4 discrete symmetry is supplemented by the Z 6 ⊗ Z 16 ⊗ Z 16 discrete group, providing a framework consistent with the current low energy fermion flavor data. In the model under consideration the different discrete group factors are broken completely, excepting the Z 6 discrete group, which is broken down to the preserved Z 2 symmetry, thus allowing the implementation of the one loop level inverse seesaw mechanism for the generation of the light active neutrino masses. The SM charged fermion masses and quark mixing angles arise from the breaking of the A 4 × Z 6 ⊗ Z 16 ⊗ Z 16 discrete group. The SM Yukawa sector of our model has only 9 effective free parameters (4 and 5 effective free parameters in the lepton and quark sectors, respectively), which we adjust to reproduce the experimental values of the 18 physical observables in the quark and lepton sectors, i.e., 9 charged fermion masses, 2 neutrino mass squared splittings, 3 lepton mixing parameters, 3 quark mixing angles and 1 CP violating phase of the CKM quark mixing matrix. The content of this paper goes as follows. In section II we describe our model. Section III is devoted to the implications of our model in quark masses and mixings. Section IV deals with lepton masses and mixings. We conclude in section VI. Appendix A provides a concise description of the A 4 discrete group. Appendix B shows a discussion of the scalar potential for a A 4 scalar triplet and its minimization equations.
II. THE MODEL.
As is well known, the
and right-handed Majorana neutrinos in the SU (3) L lepton triplet is unsatisfactory in describing the observed SM fermion mass and mixing pattern, due to the unexplained hierarchy among its large number of Yukawa couplings. To address that problem, we propose an extension of the 3-3-1 model with
, where the scalar sector is extended to include several EW scalar singlets, the fermion sector is extended by introducing six right handed Majorana neutrinos, and the SU (3) C × SU (3) L × U (1) X gauge symmetry is supplemented by the A 4 × Z 6 × Z 16 × Z 16 discrete group, so that the full symmetry G exhibits the following three-step spontaneous breaking:
where the different symmetry breaking scales satisfy the following hierarchy Λ int v χ v η , v ρ . Let us note that all discrete group are broken completely at the very high energy scale Λ int v χ , excepting the Z 6 discrete group which is broken down to the preserved Z 2 symmetry. That preserved Z 2 symmetry will allows us to implement a one loop level inverse seesaw mechanism for the generation of the light active neutrino masses. In our model 3-3-1 model, the electric charge is defined in terms of the SU (3) generators and the identity by:
with I = diag(1, 1, 1),
)diag(1, 1, −2) for triplet. Let us note that we have
, because in that choice the third component of the weak lepton triplet is a neutral field ν C R which allows to build the Dirac matrix with the usual field ν L of the weak doublet. The introduction of a sterile neutrino N R in the model allows the implementation of a low scale seesaw mechanism (which could be inverse or linear) for the generation of the light neutrino masses. The 3-3-1 models with β = − can be very strong candidates for unraveling the mechanism responsible for electroweak symmetry breaking. The cancellation of chiral anomalies implies that quarks are unified in the following SU (3) C × SU (3) L × U (1) X leftand right-handed representations [2, 7, 149, 150] :
where U iL and D iL (i = 1, 2, 3) are the left handed up and down type quarks fields in the flavor basis, respectively. The right handed SM quarks, i.e., U iR and D iR (i = 1, 2, 3) and right handed exotic quarks, i.e., T R and J nR (n = 1, 2) are assigned as SU (3) L singlets with U (1) X quantum numbers equal to their electric charges. Furthermore, the requirement of chiral anomaly cancellation constrains the leptons to the following SU (3) C ×SU (3) L × U (1) X left-and right-handed representations [2, 7, 149] :
In the present model the fermion sector is extended by introducing six right handed Majorana neutrinos, singlet under the 3-3-1 group, so that they have the following
Regarding the scalar sector of the 3-3-1 model with right handed Majorana neutrinos, we assign the scalar fields in the following
The scalar sector of the 3-3-1 model with right handed Majorana neutrinos includes: three 3's irreps of SU (3) L , where one triplet χ gets a TeV scale vacuum expectation value (VEV) v χ , that breaks the SU (3) L ⊗ U (1) X symmetry down to SU (2) L ⊗ U (1) Y , thus generating the masses of non SM fermions and non SM gauge bosons; and two light triplets η and ρ acquiring electroweak scale VEVs v η and v ρ , respectively, thus triggering Electroweak Symmetry Breaking and then providing masses for the fermions and gauge bosons of the SM [24] . We extend the scalar sector of the 3-3-1 model with right handed Majorana neutrinos by adding the following SU (3) L scalar singlets, with the following
The scalar fields of our model have the following A 4 × Z 6 × Z 16 × Z 16 assignments:
Here the dimensions of the A 4 irreducible representations are specified by the numbers in boldface and the different Z 6 × Z 16 × Z 16 charges are written in additive notation. Let us note that all scalar fields acquire nonvanishing vacuum expectation values, excepting the SU (3) L scalar singlet ϕ, whose Z 6 charge corresponds to a nontrivial charge under the preserved Z 2 symmetry. The quark assignments under the group A 4 × Z 6 × Z 16 × Z 16 are:
Lets us note that we assign the quarks fields into A 4 singlet representations, excepting the SM right handed down type quarks fields which are grouped in a A 4 triplet. The lepton fields of our model have the following
As regards the lepton sector, we recall that the left and right-handed leptons are grouped into A 4 triplet and A 4 singlet irreducible representations, respectively, whereas the right-handed Majorana neutrinos, i.e., N iR and are unified Ω i (i = 1, 2, 3) into the A 4 triplets, i.e., N R and Ω. With the above particle content, the relevant Yukawa terms for the quark and lepton sector invariant under the group G, respectively, are:
where the dimensionless couplings in Eq. (9) and (10) are O(1) parameters. Furthermore, as it will shown in Sect. III, the quark assignments under the different group factors of our model will give rise to SM quark mass textures where the CKM quark mixing angles only arise from the up type quark sector. As indicated by the current low energy quark flavor data encoded in the Standard parametrization of the quark mixing matrix, the complex phase responsible for CP violation in the quark sector is associated with the quark mixing angle in the 1-3 plane. Consequently, in order to reproduce the experimental values of quark mixing angles and CP violating phase, y
13 is required to be complex. Besides that, as it will shown in Sect. IV, the light active neutrino sector will generate the tribimaximal mixing matrix, whereas the charged lepton sector will give rise to the reactor mixing angle. In order to account for CP violation in neutrino oscillation, we will also assume that the y (L) 13 parameter is purely imaginary. Although the flavor discrete groups in Eq. (1) look rather sophisticated, each discrete group factor is crucial for generating highly predictive SM fermion mass matrices consistent with low energy fermion flavor data. As it will shown in Sect. IV, the predictive textures for the lepton sectors will give rise to the experimentally observed deviation of the tribimaximal mixing pattern. Besides that, the resulting SM quark mass matrices will give rise to quark mixing only emerging from the up type quark sector. This is a consequence of the A 4 flavor symmetry, which needs to be supplemented by the A 4 × Z 6 × Z 16 × Z 16 discrete group. As we will see in the next sections, this predictive setup can successfully account for SM fermion masses and mixings. The inclusion of the A 4 discrete group reduces the number of parameters in the Yukawa and scalar sector of the SU (3) C × SU (3) L × U (1) X model making it more predictive. We choose A 4 since it is the smallest discrete group with a three-dimensional irreducible representation and 3 distinct one-dimensional irreducible representations, which allows to naturally accommodate the three fermion families. In what follows we provide an explanation of the role of each discrete cyclic group factor introduced in our model. The Z 6 symmetry has the following roles: 1) To separate the A 4 scalar triplet ζ participating in the Dirac neutrino Yukawa interactions from the remaining A 4 scalar triplets. 2) To forbid mixings between SM quarks and exotic quarks, thus resulting in a reduction of quark sector model parameters. 3) To allow the implementation of the one loop level inverse seesaw mechanism for the generation of the light active neutrino masses, due to to the fact that the Z 6 discrete group is broken down to the preserved Z 2 symmetry. Let us note that we use the Z 6 discrete group since it is the smallest cyclic group that contains both the Z 3 and Z 2 symmetries. The Z 3 symmetry contained in Z 6 allows to decouple the exotic quarks from the SM quarks, whereas the preserved Z 2 symmetry is crucial for the implementation of the one loop level inverse seesaw mechanism for the generation of the light active neutrino masses. In what concerns, the Z 16 symmetry, it is worth mentioning that it is crucial to generate the observed charged fermion mass and quark mixing pattern. Let us note, that the properties of the Z N groups imply that the Z 16 symmetry is the smallest cyclic symmetry from which the Yukawa term Q (λ = 0.225 is one of the Wolfenstein parameters) times a O(1) parameter. Furthermore, the Z 16 discrete symmetry separates the A 4 scalar triplet ξ participating in the SM down type quark Yukawa interactions from the remaining A 4 scalar triplets. The Z 16 symmetry has the functions: 1) To select the allowed entries of the SM quark mass matrices, thus yielding a very predictive quark sector. It is worth mentioning that the Z 16 is the smallest cyclic symmetry that allows us to get vanishing (2, 1), (3, 1) and (3, 2) entries in the SM up type quark mass matrix. 2) To separate the A 4 scalar triplet ξ participating in the SM down type quark Yukawa interactions from the remaining A 4 scalar triplets. 2) To distinguish the A 4 scalar triplet ξ participating in the quark Yukawa interactions, from the ones, i.e., ζ and Θ that appear in the neutrino Yukawa terms and from the A 4 scalar triplets, i.e., Φ, ∆ and Ξ , contributing to the charged lepton masses, thus allowing to treat, the SM down type quark, the charged lepton and neutrino sectors independently. 3) To separate the A 4 scalar triplets Φ and ∆ contributing to the electron and tau lepton masses as well as to the reactor mixing angle from the A 4 scalar triplet Ξ that give rises to the muon lepton mass. This is crucial to generate the experimentally observed deviation from the tribimaximal mixing pattern, which in our model arises from the charged lepton sector. Furthermore, since the breaking of the A 4 × Z 6 × Z 16 × Z 16 discrete group gives rise to the charged fermion mass and quark mixing pattern, we set the VEVs of the SU (3) L singlet scalar fields (excepting ϕ which has a vanishing vacuum expectation value) with respect to the Wolfenstein parameter λ = 0.225 and the model cutoff Λ, as follows:
Let us note that we have assumed a hierarchy between the vacuum expectation values of the A 4 scalar triplets, in order to simplify our analysis of the scalar potential for the A 4 scalar triplets. That hierarchy in their VEVs will allow us to neglect the mixings between these fields as follows from the method of recursive expansion of Ref. [151] and to treat their scalar potentials independently. Furthermore, let us note that we have assumed the relation v Φ ∼ λv ∆ for the vacuum expectation values of the A 4 scalar triplets Φ and ∆ contributing to the electron and tau lepton masses as well as to the reactor mixing angle θ 13 . That assumption is made in order to connect the reactor mixing parameter sin 2 θ 13 with the Wolfenstein parameter λ = 0.225, through the relation sin θ 13 ∼ λ, which is suggested by the neutrino oscillation experimental data. In the following we comment on the possible VEV patterns for the A 4 scalar triplets ξ, ζ, Φ, ∆, Ξ, Θ. Since the VEVs of the A 4 scalar triplets satisfy the following hierarchy: v Θ << v ζ << v Ξ < v Φ < v ∆ << v ξ the mixing angles between ξ, ∆, Φ, Ξ, ζ and Θ are very small since they are suppressed by the ratios of their VEVs, which is a consequence of the method of recursive expansion proposed in Ref. [151] . Thus, the scalar potentials for the A 4 scalar triplets ξ, ζ, Φ, ∆, Ξ, Θ can be treated independently. As shown in detail in Appendix B, the following VEV patterns for the A 4 scalar triplets are consistent with the scalar potential minimization equations for a large region of parameter space:
III. QUARK MASSES AND MIXINGS.
From the quark Yukawa interactions given by Eq. (9) we find that the SM mass matrices for quarks take the form:
where c 1 , b n (n = 1, 2), a i , g i (i = 1, 2, 3) are O(1) dimensionless parameters. Here λ = 0.225 is one of the Wolfenstein parameters and v = 246 GeV the scale of electroweak symmetry breaking. From the SM quark mass textures given above, it follows that the quark mixing angles only arise from the up type quark sector. Besides that, the low energy quark flavor data indicates that the CP violating phase in the quark sector is associated with the quark mixing angle in the 1-3 plane, as follows from the Standard parametrization of the quark mixing matrix. Consequently, in order to get quark mixing angles and a CP violating phase consistent with the experimental data, we assume that all dimensionless parameters given in Eqs. (13) are real, except for a 1 , taken to be complex. Furthermore, as follows from the different Z 6 charge assignments for the quark fields, the exotic quarks do not mix with the SM quarks. We find that the exotic quark masses are given by:
Since the observed charged fermion mass and quark mixing pattern is generated by the breaking of the A 4 × Z 6 × Z 16 × Z 16 discrete group, and in order to simplify the analysis as well as motivated by naturalness arguments, we set
Consequently, there are only 5 effective free parameters in the SM quark sector of our model, i.e., |a 1 |, a 2 , g 1 , g 3 and the phase arg (a 1 ). We fit these 5 parameters to reproduce the 10 physical observables of the quark sector, i.e., the six quark masses, the three mixing angles and the CP violating phase. By varying the parameters |a 1 |, a 2 , g 1 , g 3 and the phase arg (a 1 ), we find the quark masses, the three quark mixing angles and the CP violating phase δ reported in Table I , which correspond to the best fit values: In Table I we show the model and experimental values for the physical observables of the quark sector. We use the M Z -scale experimental values of the quark masses given by Ref. [152] (which are similar to those in [153] ). The experimental values of the CKM parameters are taken from Ref. [154] . As indicated by Table I , the obtained quark masses, quark mixing angles, and CP violating phase are consistent with the low energy quark flavor data.
IV. LEPTON MASSES AND MIXINGS.
From Eqs. (10), (11), (12) and using the product rules of the A 4 group given in Appendix A, we find that the charged lepton mass matrix is given by:
where x n , y, z n (n = 1, 2) are O(1) dimensionless parameters, assumed to be real, excepting z 1 , taken to be complex, in order to generate a nonvanishing Dirac CP violating phase. Since the charged lepton mass hierarchy arises from the breaking of the A 4 × Z 6 × Z 16 × Z 16 discrete group and in order to simplify the analysis, we consider an scenario of approximate universality in the dimensionless SM charged lepton Yukawa couplings, as follows:
The matrix M l M † l is diagonalized by a rotation matrix R l according to:
where the charged lepton masses are approximately given by:
with x, y, z are O(1) dimensionless parameters given by:
It is worth mentioning that the charged lepton masses are connected with the electroweak symmetry breaking scale v = 246 GeV by their scalings with powers of the Wolfenstein parameter λ = 0.225, with O(1) coefficients. This is consistent with our previous assumption made in Eq. (11) regarding the size of the VEVs for the SU (3) L singlet scalars appearing in the charged fermion Yukawa terms. Furthermore, it is noteworthy that the mixing angle θ l in the charged lepton sector is large, which gives rise to an important contribution to the leptonic mixing matrix, coming from the mixing of charged leptons.
Regarding the neutrino sector, from the Eq. (10), we find the following neutrino mass terms:
where the A 4 family symmetry constrains the neutrino mass matrix to be of the form:
where the submatrices M νD and M χ are generated at tree level from
and renormalizable L L χN R 1 Yukawa terms, respectively, whereas the submatrix M R arises from a one loop level radiative seesaw mechanism mediated by the massive right handed Majorana neutrinos Ω i (i = 1, 2, 3) and the real Re ϕ and imaginary Im ϕ parts of the Z 8 charged scalar field ϕ. As previously mentioned, the facts that the Z 8 discrete group is broken down to the preserved Z 2 symmetry and the SU (3) L singlet scalar field ϕ (which appears in the neutrino Yukawa interaction N R Ω 1 ϕ) has a Z 8 charge corresponding to a nontrivial Z 2 charge, implies that this scalar does not acquire a vacuum expectation value, thus generating the submatrix M R only at one loop level. The submatrices M νD , M χ and M R are given by:
where the following function has been introduced [155] : 
In order to connect the neutrino mass squared splittings with the quark mixing parameters and motivated by the relation ∆m
In addition, for the sake of simplicity we assume that the Z 8 charged SU (3) L singlet scalar field ϕ is heavier than the right handed Majorana neutrinos Ω i (i = 1, 2, 3), in such a way that we can restrict to the scenario:
for which the submatrix M R takes the form:
where γ 1 and γ 2 are O(1) dimensionless parameters, assumed to be real for simplicity. Furthermore, m R is the mass scale for the Majorana neutrinos N i (i = 1, 2, 3), which sets the scale of breaking of lepton number.
As shown in detail in Ref. [156] , the full rotation matrix that diagonalizes the neutrino mass matrix M ν is approximately given by:
where
and the physical neutrino mass matrices are:
where M (27) it follows that the light active neutrino mass matrix is given by:
where m ν is the light active neutrino mass scale, which we set as m ν = 50 meV. Let us note that the smallness of the active neutrino masses arises from their scaling with inverse powers of the high energy cutoff Λ as well as from their linear dependence on the loop induced mass scale m R for the Majorana neutrinos N i (i = 1, 2, 3).
The light active neutrino mass matrix M
(1) ν is diagonalized by a unitary rotation matrix R ν , according to:
for IH (29) Consequently, the light active neutrino spectrum is composed of one massless neutrino and two active neutrinos, whose masses are determined from the experimental values of the neutrino mass squared splittings. From Eqs. (18) and Eqs. (29), it is follows that the normal hierarchy scenario leads to a too value for the large reactor mixing angle, which is disfavored by the neutrino oscillation experimental data. Thus, the normal neutrino mass hierarchy scenario of our model is ruled out by the current data on neutrino oscillation experiments. In what regards inverted neutrino mass hierarchy, we find from Eqs. (18) and Eqs. (29) , that the corresponding PMNS leptonic mixing matrix takes the form:
From the standard parametrization of the leptonic mixing matrix, we predict that the lepton mixing parameters for the case of inverted neutrino mass hierarchy are given by: From the comparison of Eq. (31) with Table II , it follows that the leptonic mixing parameters sin 2 θ 13 and sin 2 θ 23 are in excellent agreement with the experimental data, whereas sin 2 θ 12 is deviated 2σ away from its best fit values. It is remarkable that without any free parameter, our model predict leptonic mixing parameters in very good agreement with their experimental values, for the case of inverted neutrino mass spectrum. Furthermore, the predicted Jarlskog invariant the resulting Dirac CP violating phase are given by:
Furthermore, from the experimental values of the neutrino mass squared splittings for the case of inverted neutrino mass hierarchy and setting γ 2 = 1 as suggested by naturalness arguments, we found that the O(1) dimensionless parameter γ 1 is given by: Table III : Experimental ranges of neutrino squared mass differences and leptonic mixing angles, from Ref. [157] , for the case of inverted neutrino mass spectrum.
Thus, our model predicts the following values for the neutrino mass squared splittings for the case of inverted neutrino mass hierarchy:
where we set the light active neutrino mass scale as m ν = 50 meV. It is remarkable that with only one effective free parameter, i.e., γ 1 , the predicted values for the neutrino mass squared splittings are inside their 1σ experimentally allowed range, thus exhibiting an excellent agreement with the experimental data on neutrino oscillations experiments, as follows from the comparison of Eq. (34) with Table II .
In the following we proceed to determine the effective Majorana neutrino mass parameter, whose value is proportional to the amplitude of neutrinoless double beta (0νββ) decay. The effective Majorana neutrino mass parameter is given by:
where U 2 ej and m ν k are the squared of the PMNS leptonic mixing matrix elements and the masses of the Majorana neutrinos, respectively. Thus, we predict that the effective Majorana neutrino mass parameter for the inverted neutrino mass hierarchy is given by:
Our obtained value m ee 45.5 meV for the effective Majorana neutrino mass parameter in the case of inverted neutrino mass hierarchy, is within the declared reach of the next-generation bolometric CUORE experiment [158] or, more realistically, of the next-to-next-generation ton-scale 0νββ-decay experiments. It is worth mentioning that the effective Majorana neutrino mass parameter has the upper bound of m ee ≤ 160 meV, which corresponds to T 0νββ 1/2 ( 136 Xe) ≥ 1.1 × 10 26 yr at 90% C.L, which follows from the experimental data of the KamLAND-Zen experiment [159] . That limit is expected to be updated in a not too distant future. The GERDA "phase-II"experiment [160, 161] yr, which corresponds to m ee ∼ 12 − 30 meV. Some reviews on the theory and phenomenology of neutrinoless double-beta decay are provided in Refs. [165, 166] . Our results indicate that our model predicts T In this section we will discuss the implications of our model in Dark matter. We will assume that the Dark matter candidate in our model is a scalar. As a result of this assumption and considering that the SU (3) L scalar singlet ϕ is the only scalar field having a Z 6 charge corresponding to a nontrivial charge under the preserved Z 2 symmetry, we have that it is the only Dark matter candidate in our model. Relic density of the dark matter in the present Universe is estimated as follows (c.f. Ref. [154] )
where σv is the thermally averaged annihilation cross-section, A is the total annihilation rate per unit volume at temperature T and n eq is the equilibrium value of the particle density, which are given by [167] 
with K 1 and K 2 being the modified Bessel functions of the second kind order 1 and 2, respectively [167] . For the relic density calculation, we take T = m ϕ /20 as in Ref. [167] , which corresponds to a typical freeze-out temperature. We assume that our DM candidate ϕ annihilates mainly into W W , ZZ, tt, bb and hh, with annihilation cross sections given by: [168] :
where √ s is the centre-of-mass energy, N c = 3 is the color factor, m h = 125.7 GeV and Γ h = 4.1 MeV are the SM Higgs boson h mass and its total decay width, respectively. Fig. 1 
displays the Relic density Ωh
2 as a function of the mass m ϕ of the scalar field ϕ, for several values of the quartic scalar coupling λ 2 h 2 ϕ 2 . The curves from top to bottom correspond to λ h 2 ϕ 2 =1, 1.2 and 1.5, respectively. The horizontal line corresponds to the experimental value Ωh 2 = 0.1198 for the relic density. The Figure 1 shows that the Relic density is an increasing function of the mass m ϕ and a decreasing function of the quartic scalar coupling λ h 2 ϕ 2 . Consequently, an increase in the the mass m ϕ of the scalar field ϕ will require a larger quartic scalar coupling λ h 2 ϕ 2 , in order to account for the measured value of the Dark matter relic density, as indicated by Fig. 2 . It is worth mentioning that the Dark matter relic density constraint yields a linear correlation between the quartic scalar coupling λ h 2 ϕ 2 and the mass m ϕ of the scalar Dark matter candidate ϕ, as shown in Fig. 2 . We have numerically checked that in order to reproduce the experimental value Ωh 2 = 0.1198 ± 0.0026 [169] of the relic density, the mass m ϕ of the scalar field ϕ has to be in the range 0.55 TeV m ϕ 7 TeV, for a quartic scalar coupling λ h 2 ϕ 2 in the range 1 λ h 2 ϕ 2 4π. Here we take 4π as the upper bound on the quartic coupling λ h 2 ϕ 2 , arising from perturbativity.
VI. CONCLUSIONS
We constructed a highly predictive 3-3-1 model with right-handed neutrinos, where the symmetry is extended by fermion mass and quark mixing pattern. In the model under consideration, the light active neutrino masses are generated from a one loop level inverse seesaw mechanism and the observed pattern of charged fermion masses and quark mixing angles is caused by the breaking of the A 4 × Z 6 × Z 16 × Z 16 discrete group at very high energy. In our model the different discrete group factors are broken completely, excepting the Z 6 discrete group, which is broken down to the preserved Z 2 symmetry, thus allowing the implementation of the one loop level inverse seesaw mechanism for the generation of the light active neutrino masses. The resulting the neutrino spectrum of our model is composed of light active neutrinos and TeV scale exotic pseudo-Dirac neutrinos. The smallness of the active neutrino masses is a natural consequence of their scaling with inverse powers of the large model cutoff Λ and of their linear dependence on the loop induced mass scale m R for the Majorana neutrinos N i (i = 1, 2, 3). The SM Yukawa sector of our highly predictive A 4 flavor 3-3-1 model has in total only 9 effective free parameters (4 and 5 effective free parameters in the lepton and quark sectors, respectively), which we adjust to reproduce the experimental values of the 18 physical observables in the quark and lepton sectors, i.e., 9 charged fermion masses, 2 neutrino mass squared splittings, 3 lepton mixing parameters, 3 quark mixing angles and 1 CP violating phase of the CKM quark mixing matrix. The obtained values of the physical observables for the quark sector are consistent with the experimental data, whereas the ones for the lepton sector also do but only for the inverted neutrino mass spectrum. The normal neutrino mass hierarchy scenario of our model is disfavored by the neutrino oscillation experimental data, since the resulting reactor mixing parameter is much larger than its experimental upper limit. Our model predicts an effective Majorana neutrino mass parameter of neutrinoless double beta decay of m ee = 45.5 meV, a leptonic Dirac CP violating phase of 79.11
• and a Jarlskog invariant of about 10 −2 for the inverted neutrino mass spectrum. Our obtained value of meV for the effective Majorana neutrino mass is within the declared reach of the next generation bolometric CUORE experiment [158] or, more realistically, of the next-to-next generation ton-scale 0νββ-decay experiments. Due to the fact that the Z 6 discrete group, which is broken down to the preserved Z 2 symmetry our model possesses a scalar DM particle candidate. The constraints arising from the DM relic density, set its mass in the range 0.55 TeV m ϕ 7 TeV, for a quartic scalar coupling λ h 2 ϕ 2 in the window 1 λ h 2 ϕ 2 4π. The scalar potential for any A 4 scalar triplet takes the form: 
where Σ = ξ, ζ, Φ, ∆, Ξ, Θ. That scalar potential given above has 8 free parameters: 1 bilinear and 7 quartic couplings. The scalar potential minimization conditions read: 
where Σ = v Σ1 e iθΣ 1 , v Σ2 e iθΣ 2 , v Σ3 e iθΣ 3 . Here for the sake of simplicity we consider vanishing phases in the VEV patterns of the A 4 triplet scalars, i.e., θ Σ1 = θ Σ2 = θ Σ3 = 0. Then, the scalar potential minimization equations given by Eq. (B2) yields the following relations: 
is a solution of the scalar potential minimization equations for a large region of parameter space. From the expressions given above, and using the vacuum configuration for the A 4 scalar triplets given in Eq. (??), we find the following relation: 
